Introduction {#S0001}
============

Chronic lymphocytic leukemia (CLL) is one of the most prevalent lymphocytic cancers in the Western world, accounting for approximately 11% of all hematological malignancies.[@CIT0001],[@CIT0002] Some patients with CLL have an indolent course and do not require any treatment.[@CIT0003] However, those with unmutated IGHV, chromosomal aberrations of del(17p) and del(11q), and loss or mutation of the *TP53* gene generally have an aggressive disease course and poor prognosis.[@CIT0004] The median survival (MS) of the total CLL population is approximately 10 years after diagnosis. Chemoimmunotherapy (CIT), such as bendamustine plus rituximab (BR) and the fludarabine, cyclophosphamide, rituximab (FCR) regimens, showed promising results in most patients.[@CIT0005] Taking into account toxic side effects and tolerance of organ function, FCR can be used as a standard first-line treatment for young patients with CLL (aged less than 65 years), except for physical discomfort and/or complications. Furthermore, FCR protects approximately half of all patients with CLL having IGHV mutations from progression for up to 8 years after initial treatment.[@CIT0006]--[@CIT0008] However, CIT treatment is not suitable for high-risk patients with del(17p) or *TP53* mutation. It is often accompanied by significant toxic effects, such as infection, second primary malignancies, myelosuppression, or even death, limiting its widespread use throughout the population.[@CIT0009]--[@CIT0011]

BTK is a key component of BCR signaling, which mediates the interaction of CLL cells with the tumor microenvironment (TME) and promotes their survival and progression.[@CIT0012] Ibrutinib was the first bioavailable irreversible BTK inhibitor (BTKi) to inhibit the function of BTK kinase by covalently binding a cysteine residue at position 481 in the BTK active site.[@CIT0013] The emergence of ibrutinib has completely revolutionized the treatment of CLL. In Phase III CLL/SLL trials, ibrutinib monotherapy showed better efficacy than chlorambucil in the first-line treatment of elderly patients (RESONATE-2).[@CIT0014] Recent results from E1912, iLLUMINATE, and ALLIANCE trials on patients with previously untreated CLL shifted the importance of ibrutinib to frontline therapy.[@CIT0008],[@CIT0015],[@CIT0016] Likewise, ibrutinib monotherapy was more effective than ofatumumab in previously treated adults in a phase III study (RESONATE),[@CIT0017] and the combination of ibrutinib and BR (IBR) showed better efficacy than BR alone in treatment-naïve adults in the HELIOS trial.[@CIT0018] Additionally, the benefits of ibrutinib regimens were not influenced by poor prognostic factors such as del(11q), TP53 mutations, and del(17p).[@CIT0019] Considering that ibrutinib has comprehensively covered the treatment stage of patients with CLL, this study aimed to conduct a comprehensive analysis of the clinical application and drug resistance mechanisms of ibrutinib in CLL, and describe recent research strategies for overcoming IR.

Mechanism of Action of Ibrutinib in the Pathogenesis of CLL {#S0002}
===========================================================

The key sites for the expansion of malignant CLL cells are the lymph node (LN) proliferation centers (also known as pseudofollicles), in which the chemokines, BCR signaling, TLR ligands, and TME provide survival advantages for CLL cells and stimulate tumor clonal proliferation and migration.[@CIT0020],[@CIT0021] [Figure 1](#F0001){ref-type="fig"} depicts the signaling pathways involved in the mechanism of action of ibrutinib in CLL. Among them, BCR signaling is the most prominent mechanism responsible for activating CLL cells isolated from the proliferation center of LNs.[@CIT0021] Previous studies elucidated ligand-independent ("tonic") and ligand-dependent BCR signaling in CLL.[@CIT0022],[@CIT0023] The former is mainly produced by the self-identification of the intrinsic epitope of BCR through the heavy-chain complementarity-determining region,[@CIT0023] while the latter is mainly triggered by antigens derived from apoptotic cells or specific autoantigens present in the microenvironment.[@CIT0022] BTK signaling is also the initiator of CLL development, and BTK phosphorylation levels are significantly elevated in CLL B cells.[@CIT0024] Furthermore, BTK deficiency reduces the tumor burden in mice with CLL, and the overexpression of BTK is related to the selection of nonstereotypical BCR into malignant clones and increased mortality.[@CIT0025]Figure 1Signaling pathways involved in the mechanisms of action of ibrutinib in CLL.**Notes:** (**A**) Antigen binding to the BCR triggers the activation of SYK and BTK. BTK is mostly responsible for the activation of PLCG2. PLCG2 is involved in inducing intracellular calcium release and extracellular calcium influx, followed by the activation of ERK1/ERK2 and NF-κB, as well as NFAT. (**B**) In parallel, LYN phosphorylates the BCR co-receptor CD19, which activates PI3K. Akt is activated via PI3K. PI3K catalyzes membrane-associated PIP2 to generate PIP3. PIP3 attracts the amino-terminal PH lipid-interaction module of BTK, which in turn allows SYK and LYN to completely activate the BTK enzyme. (**C**) BTK is essential for CXCR4- and CXCR5-mediated signaling pathways. CXCL12 most probably induces BTK activation through the interaction of heterotrimeric G protein subunits with BTK. (**D**) Ligands binding to TLR induce the MYD88-mediated activation of NF-κB. BTK has been shown to contribute to TLR signaling by interacting with the intercellular domains of most TLRs.**Abbreviations:** ERK1/2, extracellular signal-regulated kinase 1/2 (also termed MAPK3/MAPK1); NF-κB, nuclear factor-κB; PI3K, phosphatidylinositol 3-kinase; NFAT, nuclear factor of activated T cells; PIP~2~, phosphatidylinositol 4,5-diphosphate; PIP~3~, phosphatidylinositol 3,4,5-trisphosphate; CXCR4, CXC-chemokine receptor 4; CXCL12, CXC chemokine ligand 12; TLR, Toll-like receptor; MYD88, myeloid differentiation primary response 88.

The treatment of CLL cells with BTKi in vitro reduces cell proliferation and survival.[@CIT0026],[@CIT0027] Also, it eliminates BCR-stimulated Akt and ERK phosphorylation.[@CIT0026] Additionally, the function of C-X-C motif chemokine ligand (CXCL) 12 and CXCL13 responsible for B-cell trafficking and tissue homing is also effectively blocked after the use of BTKi.[@CIT0026] Therefore, BTK signaling plays a supporting role in the migration of CLL cells to LN pseudofollicles. Another interesting aspect is the C-C motif chemokine ligand (CCL) 3 and CCL4, which are linearly associated with the prognosis of CLL;[@CIT0026] their expression levels in the plasma are rapidly reduced in patients with BTKi-treated CLL. This reduction is consistent with the level of inhibition of nurse-like cell induction of CCL3 and CCL4 secreted by CLL cells in LN.[@CIT0028] Therefore, the inhibition of BTK may destroy co-stimulatory feedback in the LN microenvironment. The activity of CLL cells co-cultured with interleukin (IL)-4, CD40L, IL-6, tumor necrosis factor, and B cell--activating factor significantly decreased in vitro with ibrutinib.[@CIT0029] Therefore, the function of prosurvival factors in the TME might be abolished by BTKi.

Additionally, the early stages of CLL may be related to oxidative stress caused by the imbalance between the antioxidant defense mechanisms and the levels of pro-oxidants.[@CIT0030] Infectious factors such as bacteria and viruses trigger inflammatory responses by attracting neutrophils and release reactive oxygen species (ROS) in an activated state. ROS can produce pro-inflammatory cytokines to initiate B-cell activation and cause DNA oxidative damage and clonal expansion of tumors, thereby transforming normal B cells into a malignant phenotype.[@CIT0031] Subsequently, in the late stages of the disease, aggressive chemotherapy can exacerbate leukemia cells to produce ROS more actively compared with normal cells, thus forming a vicious cycle.[@CIT0030] Oxidative stress induces an increase in the production of immunoglobulin kappa light chains in B cells at different stages in patients with CLL, leading to antibody deficiency and hypogammaglobulinemia in them.[@CIT0030] Interestingly, Sun et al found that treatment with ibrutinib allowed a partial reconstruction of normal B cells in patients with CLL and improved total IgA and IgM levels, and that increased IgA levels were associated with a decreased risk of infection.[@CIT0032] Therefore, the unique effect of ibrutinib on humoral immunity may be synergistic with exogenous antioxidants and a healthy lifestyle to reduce the incidence of complications such as infection, and it may become the preferred treatment method for patients with hypogammaglobulinemia.

Clinical Applications of Ibrutinib in CLL {#S0003}
=========================================

Previously Untreated CLL {#S0003-S2001}
------------------------

### Monotherapy {#S0003-S2001-S3001}

The RESONATE-2 study compared the efficacy of ibrutinib with that of chlorambucil in 269 treatment-naïve patients, aged 65 years or older, with CLL/SLL ([Table 1](#T0001){ref-type="table"}).[@CIT0014] After a median follow-up (MF) of 18.4 months, ibrutinib improved the overall response rate (ORR), regardless of the inclusion of a partially responding patient with lymphocytosis. Patients treated with ibrutinib also had significantly longer progression-free survival (PFS) compared with chlorambucil (median, not reached vs 18.9 months) and an 84% reduction in the risk of disease progression (DP) or death.[@CIT0014] Furthermore, the subgroup analysis showed that the superiority of ibrutinib in PFS was independent of factors such as age, bulky disease, Rai stage, ECOG score, IGHV mutation status, or del(11q).[@CIT0014]Table 1Ibrutinib in Previously Untreated CLL PatientsStudyTreatment\
(N)CLL StageORR(CR/PR)\
(% of pts)PFS (Months)Adverse Events(Grade≥3)(% of pts)HematologicalNon-HematologicalRESONATE-2I (136)Aged≥65 years, except del(17p)82 (4/78)90% (18)Neutropenia(10 V.18), Anemia(6 V.8),\
Thrombocytopenia(6 V.4)Hypertension(4 V.0), Pneumonia(4 V.2), Diarrhea(4V.0), MR(3V.2), AP(3 V.1), Hyponatremia(3 V.0), PE(2 V.1), URTI(2 V.2), Cellulitis(2 V.0), Fatigue(1V.5), Syncope(1 V.2), FN(2 V.2)C (133)35 (2/34)52% (18)AllianceI(182)Aged≥65 years93(7/86)87% (24)Neutropenia(15 V. 21 V.40)\
Anemia(12 V. 6 V.12)\
Thrombocytopenia(7V.5 V.15)\
Any(41 V. 39 V.61)Bleeding(2 V. 4 V. 0), Infection(20 V. 20 V. 15), FN(2 V. 1 V. 7), AF(9 V. 6 V.3), Hypertension(29 V.34 V.15), Secondary cancer(6 V.9 V.4)IRX(182)94(12/82)88% (24)BR(183)81(26/55)74% (24)E1912IRX(354)Aged≤70years98.889.4% (36)Neutropenia(25.6 V.45),\
Anemia(4.8V.14.6),\
Thrombocytopenia(4.3 V.15.2)Infection(9.4 V.9.5), FN(2.3 V.15.8), Hypertension(18.8V.8.2), AF(3.2 V. 1.2), MR(3.1V.5.1), Diarrhea(4.3V.1.3), Hyponatremia(3.1 V.1.9)FCR(175)91.572.9% (36)ILLUMINATEIO (113)All ages88(19/69)79% (30)Neutropenia(37 V.46),\
Anemia(4 V.8),\
Thrombocytopenia(19 V.10)Pneumonia(7 V.4), AF(5 V. 0), FN(5V.6),\
Diarrhea(3 V.0), Tumour lysis syndrome(0 V.3), Dyspnoea(2 V.1)CO (116)73(8/65)31% (30)[^2]

In addition, ibrutinib improved patient hematologic parameters (hemoglobin, absolute neutrophil count, and platelet count) for more than 56 days. Therefore, ibrutinib was more conducive to the recovery of bone marrow hematopoietic function.[@CIT0014]

With a median follow-up of 60 months, the PFS benefits obtained by ibrutinib versus chlorambucil continued to exist (70% vs 12%).[@CIT0033] Patients with a high prognostic risk, regardless of unmutated IGHV, del(11q), and TP53 mutations, also benefitted from ibrutinib. A study on the ibrutinib group demonstrated a total response rate of 92% with a complete response (CR) rate of 30% (11% in the primary analysis). The incidence of adverse events (AEs) of grade 3 or higher was lower in patients treated with ibrutinib than in those treated with chlorambucil (58% vs 83%), and the most common AE was diarrhea (50%).[@CIT0033]

### Combination Therapy {#S0003-S2001-S3002}

The ALLIANCE study involving 547 treatment-naïve patients with CLL, aged 65 years, showed that the 2-year PFS in the ibrutinib monotherapy group or the ibrutinib plus rituximab (IRX) group was superior to that in the BR group ([Table 1](#T0001){ref-type="table"}).[@CIT0015] However, no significant difference was found between the ibrutinib monotherapy group and the ibrutinib plus rituximab (IRX) group. The incidence of grade 3, 4, or 5 nonhematologic AEs in patients treated with both regimens containing ibrutinib (74% for each group) was higher than that in the BR group (63%). The rate of hematologic AEs was significantly lower in the ibrutinib or IRX group than in the BR group (41%, 39%, and 61%, respectively).[@CIT0015] All patients in the three treatment groups had infections. Furthermore, the benefits of ibrutinib in terms of PFS were not affected by a complex karyotype or IGVH mutation status.[@CIT0015]

In the E1912 study, 529 patients with CLL (initial treatment at the age of ≤70 years and without the chromosome 17p13 deletion) were randomly assigned to IRX and FCR regimens in a 2:1 ratio ([Table 1](#T0001){ref-type="table"}).[@CIT0008] After 3 years, the PFS and OS favored the IRX group over the FCR group. Remarkably, in the subgroup of patients with unmutated IGHV, the PFS in the IRX group was significantly higher than that in the FCR group (90.7% and 62.5%, respectively).[@CIT0008] The incidence of AEs of grade 3 or higher was similar in both groups (regardless of attribution), except for the lower incidence of complications in the IRX group.[@CIT0008]

The iLLUMINATE study on patients with previously untreated CLL/SLL, aged either 65 years or older or less than 65 years with co-morbidities, compared ibrutinib plus obinutuzumab (IO) group with chlorambucil plus obinutuzumab (CO) group ([Table 1](#T0001){ref-type="table"}).[@CIT0016] The PFS benefit in the IO group was exceptionally prominent in high-risk patients (mainly with *TP53* mutation, unmutated IGHV, del 11q, or del 17p); the 30-month PFS was not significantly different from that in the overall population. Furthermore, the minimal residual disease (MRD)-negative rate in bone marrow (BM) or peripheral blood (PB) after treatment was lower in the CO group (25%) than in the IO group (35%); the corresponding CR rate in the two groups was 16% and 41%, respectively.[@CIT0016] This finding suggested that the depth and frequency of responses were more pronounced in the IO group than in the CO group. In terms of AEs, the incidence of AEs was higher in the IO group (58%) than in the CO group (35%). Among them, the grade 3 or 4 AEs most commonly seen in the IO group were thrombocytopenia, neutropenia, pneumonia, and atrial fibrillation (AF). Overall, the safety of the IO regimen was within the controllable range, and most patients could tolerate up to 3 years of treatment.[@CIT0016]

Relapsed/Refractory CLL {#S0003-S2002}
-----------------------

### Monotherapy {#S0003-S2002-S3001}

The RESONATE study compared the efficacy of ibrutinib with that of the anti-CD20 antibody ofatumumab in previously treated patients ([Table 2](#T0002){ref-type="table"}).[@CIT0017] During an MF of 9.4 months, ibrutinib was found to exceed ofatumumab in terms of PFS and reduced the risk of DP or death by 78%. In addition, patients who progressed with ofatumumab treatment and crossed over to ibrutinib treatment achieved 12 months of OS benefit; the ORR was notably better in the ibrutinib group than in the ofatumumab group.[@CIT0017] The toxic effects associated with ibrutinib did not result in treatment interruption or frequent dose reduction, but the median duration of AEs was longer in the ibrutinib group than in the ofatumumab group by more than 3 months (8.6 vs 5.3). The subgroup analysis results showed that ibrutinib exhibited significant PFS superior to that for ofatumumab regardless of baseline characteristics. Compared with ofatumumab, ibrutinib decreased the risk of death or DP by 81% and 75%, irrespective of del(17p). With an MF of 65.3 months, ibrutinib prolonged the median PFS in patients with high-risk genomic features (44.1 vs 8.1 months).[@CIT0034] The ORR in the ibrutinib group reached 91%, and 11% of patients achieved CR (with or without normal blood count recovery). For patients in the ofatumumab treatment group who crossed over to ibrutinib, the overall survival (OS) was extended by 71 months (median 41 months).[@CIT0014],[@CIT0034]Table 2Ibrutinib in Previously Treated CLL PatientsStudyTreatment (N)CLL StageORR(CR/PR) (% of pts)Median PFS (Months)Adverse Events(Grade≥3)(% of pts)HematologicalNon-HematologicalRESONATEI (195)RR≥70 years43 (0/43)Not reachedNeutropenia (16 V.14)\
Anemia(5 V.8),\
Thrombocytopenia(2 V.6)Diarrhea(4V.2), Fatigue(2V.2), Nausea(2V.0), Pyrexia(2V.1), Arthralgia(1V.0), URTI(1 V.2), Headache(1V.0), Dyspnea(2V.1), Pneumonia(7 V.5), UTI(4 V.1), Stomatitis(1V.1), Myalgia(1V.0)O (196)4 (0/4)8.1HELIOSIBR (289)RR≥18 years, except del(17p)83 (10/72)Not reachedNeutropenia(54 V.50),\
Anemia(3 V.9),\
Thrombocytopenia(15 V.15)Diarrhoea(2V.1), Pyrexia(3V.2), Fatigue(3V.4), URTI(2 V.0), Rash(1V.1), Bronchitis(2V.4), Pneumonia(8V.7.5), FN(12 V.9.5), Arthralgia(1V.0), Hyperuricaemia(2 V.0).PBR (289)68 (3/65)13.3[^3][^4]

### Combination Therapy {#S0003-S2002-S3002}

The HELIOS was a placebo-controlled trial assessing the efficacy of ibrutinib in combination with BR in adult patients with previously treated RR-CLL/SLL (aged ≥18 years) ([Table 2](#T0002){ref-type="table"}).[@CIT0018] Among them, patients with del(17p) were eliminated because they were recognized to have poor outcomes for BR. In an MF of 17 months, the proportion of patients who achieved 18-month PFS was significantly lower in the placebo group than in the ibrutinib group (24% vs 79%). The addition of ibrutinib reduced the risk of DP or death in patients by 80%. The subgroup analysis showed that patients could benefit from the ibrutinib regimen irrespective of their baseline characteristics. The CR rate in patients receiving ibrutinib was remarkably higher than that in the placebo group (21% and 6%, respectively).[@CIT0018] With an MF of 34.8 months, the median PFS was not reached in the ibrutinib group and was 14.3 months in the placebo group. The 36-month PFS in the two groups was 68.0% and 13.9%, respectively.[@CIT0035] A median OS was not achieved in any of the treatment groups, and no significant difference in OS was found between the two regimens. This phenomenon was potentially attributed to 31% of patients in the placebo group who switched to ibrutinib at the time of DP. The negative response rate for MRD (a potent predictor of PFS) was 26.3% in the ibrutinib group compared with 6.2% in the placebo group.[@CIT0035] The addition of ibrutinib provided substantial benefits to patients with RR-CLL.

### Adverse Events {#S0003-S2002-S3003}

At present, low-dose long-term maintenance of ibrutinib is considered to provide clinical benefit to patients.[@CIT0036] However, three follow-up studies over 5 years reported that more than 40% of patients with CLL discontinued treatment with ibrutinib.[@CIT0033],[@CIT0037],[@CIT0038] Correspondingly, a retrospective study of the "real world" also showed that 41% of patients discontinued treatment with ibrutinib. Up to 51% of these patients discontinued treatment due to the occurrence of AEs.[@CIT0039] In summary, common AEs for ibrutinib treatment were nonhematological (diarrhea, bleeding, upper respiratory infections, fatigue, and musculoskeletal pain) and hematological (anemia, thrombocytopenia, neutropenia, and bleeding).[@CIT0040] Depending on the tolerability profile across indications, ibrutinib-related severe adverse events, including AF, bleeding, infection, hypertension, cytopenia, interstitial lung disease (ILD), and second primary malignancies, in particular AF and bleeding probably associated with AEs of grade 3 or higher, required strict monitoring and timely prevention.[@CIT0019]

Real-world results show that the incidence of AF in patients with RR-CLL treated with ibrutinib is as high as 8%, and 25% of treatment-naïve and 12% of previously treated patients had to discontinue treatment with ibrutinib due to AF.[@CIT0039] The median duration of discontinuation of ibrutinib due to AF was 7 months.[@CIT0039] Increased diameter and area of the left atrium detected by echocardiography and pre-existing comorbidities indicated a tendency of patients treated with ibrutinib to develop AF.[@CIT0041] The proposed mechanism was that the downregulation of the PI3K--Akt signaling pathway in the heart might lead to increased susceptibility of patients to AF, which might be related to the molecular mechanism of ibrutinib-induced AF.[@CIT0042]

The findings on ibrutinib recipients in clinical trials and clinical practice indicate that around 66% of patients have minor bleeding risks, such as epistaxis, petechiae, bruising, and contusions, Up to 6% of patients have major hemorrhage risks, such as gastrointestinal bleeding and intracranial hematoma.[@CIT0017],[@CIT0043]-[@CIT0045] In real-world analysis, the incidence of minor bleeding in 70 patients was 56%, while the risk of major bleeding was as high as 19%, which was significantly higher than the clinical trial rate.[@CIT0046] The aforementioned phenomenon may be attributed to the combination of ibrutinib and anticoagulants/antithrombotics in the real world; patients who need other vitamin K antagonists or warfarin in clinical trials are excluded. The former may increase the risk of major bleeding and require rigorous monitoring and particular care.[@CIT0047] In conclusion, for adverse reactions that require special treatment, the benefits and risks of switching to an alternate CLL therapy or continuing with ibrutinib should be carefully weighed, and the best decision should be made for each patient.

Molecular Mechanisms Underlying IR {#S0004}
==================================

Previous studies reported that about 19% of patients with CLL experienced disease progression or relapse within 4 years of treatment with ibrutinib. This often caused accelerated disease, especially when ibrutinib was discontinued.[@CIT0048]--[@CIT0050] Jain et al found that patients with CLL had poor prognoses after treatment failure with ibrutinib, with a median OS of 3.1 months.[@CIT0048] Patients with CLL and early disease progression during treatment with ibrutinib were usually associated with Richter's transformation (RT), a highly invasive and destructive lymphoma most frequently presenting as diffuse large B-cell lymphoma (DLBCL).[@CIT0051] Maddocks et al found that 18 of the 232 patients with CLL treated with ibrutinib discontinued treatment due to RT.[@CIT0049] RT occurs earlier than the progressive disease; the estimated prevalence after 12 months of treatment was approximately 4.5%, and patients with RT who continued to receive other treatments had a poor prognosis, with an MS of only 3.5 months.[@CIT0049] Therefore, understanding the evolution of resistance mechanisms may help to seamlessly interface subsequent treatments and prevent the rapid progression of the disease. The mechanism of IR in patients with CLL mainly includes about 13--30% of primary resistance (lack of initial response to ibrutinib) and about 8--13% of acquired resistance (generated after the initial response).[@CIT0014],[@CIT0018],[@CIT0052] However, the sequencing results of the study by Maddocks et al showed that only two patients with RT had BTK mutations in the PB, but no mutations in the LN, suggesting that the mechanism of IR in this patient population was significantly different from that in patients with CLL.[@CIT0049] Furthermore, the clonal evolution studies by Kadri et al on six patients with RT found that the transformed lymphoma cells in tissues were derived from the cloned progeny of circulating leukemia cells undergoing evolution and drift; it was possible to acquire BTK mutations different from those in CLL leukemia cells.[@CIT0053]

Molecular Mechanisms Underlying Acquired IR in CLL {#S0004-S2001}
--------------------------------------------------

### BTK and PLCG2 Mutations {#S0004-S2001-S3001}

Woyach et al reported that approximately 85% of patients who relapsed after treatment with ibrutinib acquired mutations in BTK or PLCG2, which were detectable approximately 9.3 months before relapse.[@CIT0054] In the relapsed patient population, these two gene mutations may exist in a separate form or in a synergistic manner in the same individual.[@CIT0055] BTK mutation is the most frequently described mutation that confers resistance to ibrutinib.[@CIT0054],[@CIT0056],[@CIT0057] In terms of structure, Hamasy et al described the other three scenarios of cysteine substitution: (1) serine replacement has catalytic activity and becomes dominant in drug-resistant patients; (2) threonine replacement also has catalytic activity, but its substitution requires two nucleotides and is therefore relatively rare; and (3) BTK mutants substituted with phenylalanine, arginine, tryptophan, or tyrosine can abolish the catalytic properties of BTK.[@CIT0058] The other two new mutations include V537I located in the BTK gene kinase domain and T316A in the SH2 domain of BTK.[@CIT0053],[@CIT0059] Unlike other mutant genes (such as EGFR, BCR-ABL, and ALK), the BTK mutation is not a secondary mutation of the mutated gene, but a primary mutation present in the gene that is not repeatedly mutated.[@CIT0057]

Functionally speaking, the consequence of the BTK^C481S^ mutation is a gradual evolutionary process primarily manifested by affecting cellular signaling, gene expression, and cellular behavior.[@CIT0060] The BTK^C481S^ mutation reduced the potency of ibrutinib by 500-fold and attenuated its irreversible binding. Eventually, the ability of ibrutinib to inhibit the phosphorylation of downstream PLCG2, Akt, and ERK signaling molecules diminished ([Figure 2](#F0002){ref-type="fig"}).[@CIT0057] At the genetic level, patients with CLL having BTK mutations were often associated with deletions of preexisting mutations, such as TP53 mutation, BIRC3 mutation, del(17p), and trisomy 12. This finding suggested that these mutant clones could be eliminated by BTKi therapy, and their inactivation might provide a suitable environment for the production or progression of BTK mutant clones.[@CIT0053],[@CIT0059] At the cellular level, asymptomatic resistant mutant clones were already present in the cell before the disease recurred. The inhibitory effect of ibrutinib provided strong selection pressure for these resistant clones, ultimately allowing the mutant cells to break through the pressure to obtain sustained cumulative amplification and lead to disease recurrence.[@CIT0060],[@CIT0061] The diversity of the allele frequencies of the mutant cells was often associated with the progression of LN or PB recurrence, with low allele frequencies predicting LN progression without corresponding PB progression. This finding suggested that most of the mutant cells were present in LN before recurrence.[@CIT0054] In the presence of PB disease, the allele frequency tended to be higher, but if the results were reversed, it suggested that a synergistic effect of the two mutations might exist. Therefore, the presence of these aberrations in the PB might serve as an early molecular marker for future clinical recurrence.[@CIT0054]Figure 2Mechanisms of ibrutinib resistance in CLL and mutations in pathways governing BCR signaling.**Notes:** (**A**) The BTK mutation attenuated its binding to ibrutinib, resulting in a reduced ability to inhibit the phosphorylation of downstream molecules, thereby allowing the BCR signal to continue to be passed down. (**B**) LYN and SYK kinase bypassed BTK to directly activate the mutant PLCG2, which caused increased Ca^2+^ influx to activate different oncogenic pathways, including PIK3--Akt, NF-κB survival signaling, and the MAP kinase pathway. (**C**) The binding of IL-4 and IL-6 released from the microenvironment to their corresponding receptors activated JAK kinase, followed by the phosphorylation of the STAT6 or STAT3. The activated STAT upregulated the expression levels of anti-apoptotic proteins MCL-1 and BCL-xL. (**D**) The acquired short arm of chromosome 2 (2p+) induced the overexpression of XPO1. XPO1 promoted the export of tumor suppressor proteins (such as p53 and FOXO) to the cytoplasm, thereby relieving their inhibitory effect on the cell cycle. (**E**) Activation of the JAK/STAT signaling pathways might lead to overexpression of PD-L1/PD-L2 in patients with RT.**Abbreviations:** IL-4, interleukin 4; JAK, Janus kinase; STAT6, signal transducer and activator of transcription factor 6; MCL-1, myeloid cell leukemia-1; BCL-xL, B-cell lymphoma-xL; XPO1, exportin-1.

Some patients with resistance to ibrutinib were reported to possess the PLCG2 mutation but no coexisting BTK mutation, suggesting that the PLCG2 mutation could stand alone in driving IR.[@CIT0057] The *PLCG2* gene mainly included the following potential function-acquired mutations: mutation of serine to tyrosine at position 707 (S707Y), leucine to phenylalanine at position 845 (L845F), arginine to tryptophan at position 665 (R665W), and five other newly discovered mutations, including P664S, S707F, M1141R, M1141K, and D993H.[@CIT0055],[@CIT0057] In addition, Landau et al found that repetitive small deletions in the C2 terminal domain of the *PLCG2* gene might also be associated with resistance.[@CIT0055] This finding might provide a reference for clinically unexplained drug resistance. Unlike the BTK mutation, the mutation of *PLCG2* was located downstream from BTK and continued to downregulate the survival-promoting signal independently of BTK activity ([Figure 2](#F0002){ref-type="fig"}).[@CIT0057] After stimulation of the BCR antigen on the surface of PLCG2^R665W^ or PLCG2^L845F^ mutant cells with anti-IgM antibody, the increased calcium ion flux of the cells was still observed, and the phosphorylation levels of the downstream signaling molecules ERK and Akt tended to increase.[@CIT0057] Among them, the PLCG2^S707Y^ mutation was shown to disrupt the self-inhibiting SH2 domain of PLCG2 in vitro.[@CIT0062] Moreover, Liu et al found that the R665W mutant was functionally dependent on LYN and SYK, which collaborated with PLCG2 to comprise a signal bypass independent of BTK.[@CIT0063] As mentioned earlier, the PLCG2 mutation at the genetic level had a similar evolutionary history as the BTK mutation.[@CIT0055] In general, repeated mutations in PLCG2 and BTK were at least the primary cause of IR in some patients with CLL. Interestingly, compared with patients with CLL progression, patients with RT had a higher frequency of SF3B1 mutations with the disappearance of BTK mutations, suggesting that BTK mutations might not be a factor in the development of RT.[@CIT0059] However, patients with RT might carry driver mutations independent of CLL leukemia cells, such as TP53 mutation expansion, MYC abnormality, 8q gain, and loss of trisomy 12.[@CIT0053]

### Deletion 8p and ITPKB Mutations {#S0004-S2001-S3002}

Burger et al found signs of clonal expansion of del(8p) clones in three patients with CLL.[@CIT0064] The del(8p) clones also showed a slow decline after initial treatment with ibrutinib, but as time progressed, this mutation synergized with other driver mutations (eg, MLL2, SF3B1, and EP300) to confer tumor proliferation advantage and provide a potential avenue to bypass BTK signaling, ultimately leading to IR.[@CIT0055],[@CIT0064] The deletion of chromosome 8p was consistent with the levels of downregulation of the *TRAIL-R1* and *TRAIL-R2* genes. Binding of TRAIL to TRAIL-R1 or TRAIL-R2 induced apoptosis, and the level of apoptosis depended on the dose of the receptor.[@CIT0065] Del(8p) resulted in haploid insufficiency of the TRAIL-R, and patients with del(8p) had a significant reduction in TRAIL-R mRNA and protein expression levels.[@CIT0064] The concentration of TRAIL in circulating blood was significantly higher than that in the LN microenvironment.[@CIT0064] However, del(8p) CLL cells released from LN were insensitive to high levels of TRAIL, leading to unbridled growth of cloned cancer cells. Hence, the del(8p) clone might be an important factor driving IR.

Landau et al's study on the evolutionary trend of patients with CLL found that a patient with ITPKB mutation-driven CLL experienced RT after 9 months of treatment with ibrutinib and progressed at a rate of up to 5.89% per day. As an inhibitor of BCR survival signal feedback to the central nervous system, ITPKB mutation might enhance the transmission of BCR signaling downstream of BTK.[@CIT0055],[@CIT0066] Furthermore, the expression of the ITPKB mutation in patients with DLBCL was also significantly elevated.[@CIT0067]

### Gain of Chromosome 2p and Overexpression of Exportin-1 {#S0004-S2001-S3003}

Cosson et al detected an acquired short arm of chromosome 2 (2p+) in roughly 16% of patients with CLL.[@CIT0068] This chromosomal abnormality was closely related to the poor prognostic factors in patients with CLL, including unmutated IGHV and del(11q).[@CIT0068] In addition, they also confirmed that 2p+ could induce the overexpression of exportin-1 (XPO1). The upregulation of XPO1 protein led to abnormal cytoplasmic localization and degradation of tumor suppressor factors such as FOXO and p53, thereby promoting the constitutive activation of tumor proliferation signaling pathways.[@CIT0068],[@CIT0069] An increased number of clones carrying XPO1 were detected in eight patients with recurrent 2p+ CLL. Moreover, XPO1 was confirmed to play a central role in driving IR in patients with 2p+ CLL through the aforementioned effects.[@CIT0068]

Molecular Mechanisms Underlying Primary IR in CLL {#S0004-S2002}
-------------------------------------------------

### IL-4-Mediated Signaling {#S0004-S2002-S3001}

Ibrutinib reduced the plasma levels of various cytokines except for IL-4 and IL-6. The expression levels of IL-4 and IL-6 receptors on CLL cells were still higher than those on naïve B cells.[@CIT0070] Guo et al found that IL-4 was a microenvironmental factor enriched in LN pseudofollicles.[@CIT0071] When tumor cells that migrated to PB returned to the proliferation center, the resident IL-4 could rescue CD79b protein to increase the expression level of surface IgM and counterbalance the internalization of BCR complexes after antigen binding, thereby enhancing BCR-mediated signaling.[@CIT0071] Moreover, after IL-4 treatment, the ability of ibrutinib or idelalisib to inhibit BCR survival signaling was remarkably attenuated.[@CIT0071]

In addition, the binding of IL-4R and IL-6R on the surface of CLL cells to IL-4 and IL-6 produced by T cells in the microenvironment activated the downstream Janus protein tyrosine kinases JAK1 and JAK3, which in turn promoted the phosphorylation of signal transducer and activator of transcription factor 6 (STAT) 6 and STAT3.[@CIT0072]--[@CIT0074] The activation of this signal increased the expression levels of the anti-apoptotic proteins myeloid cell leukemia-1 (MCL-1) and B-cell lymphoma-xL (BCL-xL) to promote sustained survival of the ibrutinib-insensitive CLL cell subset in the microenvironment.[@CIT0072]--[@CIT0074] Previous studies also found that IL-4 and IL-6 survival signals transmitted by JAK1 and JAK3 could attenuate the activity of ibrutinib in vitro, while the JAK1/3 inhibitors tofacitinib and ruxolitinib could restore the sensitivity of resistant CLL cells to apoptotic signals.[@CIT0072],[@CIT0075] Thus, the alternative pathway via the IL4/IL4R and IL6/IL6R signaling modules conferred resistance to ibrutinib in CLL cells ([Figure 2](#F0002){ref-type="fig"}).

#### Overcoming Ibrutinib Resistance {#S0004-S2002-S3001-S4001}

The use of ibrutinib in patients with CLL provided encouraging data. However, recurrent patients often developed progressive disease and had a poor prognosis, with short survival of only a few months. Several new drugs to overcome resistance to ibrutinib are currently under study ([Figure 3](#F0003){ref-type="fig"}).Figure 3Alternative target inhibitors predicted to overcome ibrutinib resistance.**Notes:** LYN inhibition (dasatinib), SYK inhibition (R406, GS-9973, and cerdulatinib), reversible BTKi (vecabrutinib and LOXO-305), nonselective reversible BTKi (ARQ-531), Bcl-2 inhibition (venetoclax), JAK1/2 (ruxolitinib and cerdulatinib), mTOR inhibition (everolimus), MALT1 inhibition (MI-2), XPO1 inhibition (selinexor and KPT 8601), PD-1 inhibition for RT (nivolumab and pembrolizumab), PD-L1 inhibition (avelumab, durvalumab, and atezolizumab), PI3K inhibition (duvelisib/IPI-145 and idelalisib), and CD19 (anti-CD19 CAR-T and CD19/CD3-scFv-Fc bsAb).

Reversible BTK Inhibitors {#S0004-S2003}
-------------------------

Reversible BTK inhibitors, such as vecabrutinib, LOXO-305, GDC-0853, and ARQ-531, can effectively block the downstream signaling of BCR, thereby conferring cytotoxicity and inhibiting cell proliferation.[@CIT0076]--[@CIT0078] A preclinical study by Reiff et al showed that ARQ-531 inhibited the activation of BTK and SRC family members LYN, Akt, and ERK without interaction with C481.[@CIT0078] ARQ-531 was significantly cytotoxic in the acquired IR model rich in recurrent BTK^C481S^ mutations and inhibited the transmission of downstream prosurvival signals in a model expressing activation of the PLCG2 mutation. The inhibitory effect of ARQ-531 on the MEK1 signal (key survival signal for DLBCL) and its distal target also resulted in superior efficacy in the RT mouse model.[@CIT0078] Another study found that vecabrutinib potently inhibited BTK and ITK and also the transmission of BTK signals in vitro in the presence of C481S mutations.[@CIT0076] GDC-0853 is another reversible BTKi with a unique BTK-binding configuration. A previously discontinued Phase I study found that the plasma CCL3 levels were significantly lower in patients with CLL after GDC-0853 treatment, and one of the five patients with RR-CLL carrying the C481S mutation achieved PR.[@CIT0079] These drugs are still in the early stages of clinical research, and their exact efficacy in patients with IR CLL requires further exploration.

BCL2 Inhibitors {#S0004-S2004}
---------------

Venetoclax acts as a BCL-2 homology 3 (BH3) mimetic, independent of exogenous apoptosis caused by BCR signal blockade and intrinsic apoptotic pathways induced by TP53. It directly antagonizes the function of BCL-2 in mitochondria.[@CIT0080] Jones et al found that among 91 patients with RR-CLL treated with ibrutinib, 30 (33%) discontinued treatment due to AEs and 50 (55%) due to disease progression.[@CIT0081] These patients with historically poor outcomes achieved an OR of 65% after treatment with venetoclax. A total of 12 of the 17 patients who progressed with ibrutinib-resistant mutations responded well to venetoclax. Among them, the allele frequency of the BTK^C481S^ mutation in eight patients had observable decreases for up to 72 weeks.[@CIT0081] This finding suggested that venetoclax opened up new avenues for overcoming IR clones. Recently, Jain et al reported the efficacy of combination therapy with ibrutinib and venetoclax (IV) in 80 treatment-naïve, high-risk, and elderly patients with CLL. The MF was 14.8 months. After 12 cycles of combination therapy, 88% of patients achieved CR and a rate of undetectable MRD of 61%.[@CIT0082] The CLARITY study found that 54 patients with RR-CLL (mainly including chromosomal del(17p) or patients who progressed after conventional CIT treatment) well tolerated IV therapy. After 12 months of treatment, the number of patients with MRD negativity in the bone marrow and PB was 19 (36%) and 28 (53%), respectively. High MRD eradication rates in this combination therapy were expected to permanently eradicate the disease in patients with CLL.[@CIT0083] Therefore, the application prospects of venetoclax monotherapy or combination therapy with ibrutinib in overcoming IR or in patients with RR-CLL are encouraging.

XPO1 Inhibitors {#S0004-S2005}
---------------

XPO1 is responsible for the nuclear export of proteins and RNA. It is highly expressed in many cancers and is one of the leading contributors to poor prognosis.[@CIT0084] Selinexor (KPT-330) is a first-generation oral XPO1 inhibitor, which specifically and reversibly interacts with XPO1. Previous clinical studies found that selinexor significantly blocked the transport of CLL cells to the protective matrix microenvironment and cell-surface BCR-induced survival, proliferation, and migration.[@CIT0085] Hing et al found that selinexor combined with ibrutinib was significantly superior to ibrutinib monotherapy in the CLL mouse model. In addition, selinexor overcame the resistance of the CLL cell line carrying the BTK^C481S^ mutation to ibrutinib and significantly improved the survival rate of ibrutinib-resistant mice.[@CIT0086] These data suggested that selinexor enabled patients with CLL to show a stronger response and had the potential to become a new treatment modality for IR CLL populations.

Inhibitors of BTK Upstream Signaling Molecules {#S0004-S2006}
----------------------------------------------

SYK is a cytoplasmic tyrosine kinase protein upstream of BTK in the BCR signaling pathway. Previous studies explored selective SYK inhibitors, including R406, cerdulatinib, and the SRC and LYN inhibitor dasatinib, to overcome CLL resistance to ibrutinib.[@CIT0087] Liu et al found that GS-9973, R406, and dasatinib were sufficient to prevent the release of hypermorphic calcium from CLL cells in patients with IR expressing PLCG2^R665W^, and significantly reversed the activation of downstream p-ERK and other signals.[@CIT0063] When BTK function was suppressed, SYK and LYN bypassed BTK and directly initiated the proximal kinase of the PLCG2 mutant to activate the signal. Thus, targeted inhibitors of SYK and LYN played a significant role in repairing the sensitivity of IR cells to apoptosis. Blunt et al showed that IL-4-mediated upregulation of IgM and inhibition of CXCR4 might enhance BCR signaling and reduce the effectiveness of ibrutinib.[@CIT0087] The dual SYK and JAK inhibitor cerdulatinib significantly reduced the expression level of anti-apoptotic proteins in MCL-1 and BCL-XL (except BCL-2). Treatment with cerdulatinib helped overcome the protective effects of nurse-like cells, IL-4/CD40L, and anti-IgM on tumor cells.[@CIT0087],[@CIT0088] Blunt et al also suggested that the combination of cerdulatinib and venetoclax might reverse IL-4-mediated IR.[@CIT0087] Subsequently, Guo et al further demonstrated that cerdulatinib had stronger antitumor activity than ibrutinib, which significantly inhibited the proliferation of BTK^C481S^-transfected cell lines and primary ibrutinib-resistant CLL cells.[@CIT0074]

MALT1 Inhibitors {#S0004-S2007}
----------------

MALT1 is an enzymatically active member of the CARD11--BCL10--MALT1 signal complex. As mentioned earlier, IR--related mutations could reactivate BCR signals upstream of MALT1. Hence, targeting MALT1 could effectively overcome tumor re-proliferation caused by drug-resistant mutations such as BTK and PLCG2. MI-2, a small-molecule inhibitor of caspase MALT1, could significantly inhibit the proteolytic activity of MALT1 in CLL cells and inhibit NF-κB by reducing the expression levels of anti-apoptotic proteins Bcl-xL, NF-κB regulatory molecules, and nuclear p50 and RelB.[@CIT0089] In addition, MI-2 could inhibit Ras, interferon, and JAK--STAT signaling pathways, and effectively eliminate the survival signals provided by BCR and the cross-linking of lymph node stromal cells.[@CIT0090] Therefore, Nakhle et al found that MI-2 had a significant killing effect on ibrutinib-resistant CLL cells and CLL cells with poor prognosis (such as unmutated IGHV and 17p deletion).[@CIT0091]

Combination Therapy {#S0004-S2008}
-------------------

### PI3K Inhibitors {#S0004-S2008-S3001}

Recent studies found that dynamic feedback between mantle cell lymphoma cells and TME promoted the mutual activation of PI3K--Akt--mTOR and integrin b1 signals in vitro. The development of this evolutionary process drove IR.[@CIT0092],[@CIT0093] The results suggested that the combination of the PI3K inhibitor and ibrutinib could simultaneously disrupt BCR signaling and the PI3K-AKT signaling axis to promote tumor cell release in the microenvironment.[@CIT0092] Treatment with the combination therapy reversed the body's resistance to ibrutinib and enhanced the transmission of antitumor signals.[@CIT0092] Currently, various PI3K inhibitors have been developed, among which idelalisib is a leading player.[@CIT0094] Spaargaren et al studied the effect of idelalisib (alone or in combination with ibrutinib) on the apoptosis of ibrutinib-resistant CLL cells. The addition of idelalisib prevented acquired IR or overcame primary resistance.[@CIT0095] Later, Visentin et al also confirmed an encouraging effect of idelalisib in two patients with IR CLL and patients who progressed to RT after treatment with ibrutinib.[@CIT0096] Although PI3Kδ inhibitors displayed promising results in patients with CLL, few studies were conducted on the efficacy of idelalisib in IR CLL. Hence, large-sample follow-up studies are urgently needed.

### JAK1/2 Inhibitors {#S0004-S2008-S3002}

As described earlier, ibrutinib cannot inhibit JAK-mediated cytokine signaling and allows a subpopulation of CLL cells to continue to grow and proliferate.[@CIT0087] Therefore, the combination of a JAK inhibitor and ibrutinib can restore the sensitivity of CLL cells to apoptosis, thus rendering a promising alternative treatment for patients with IR.[@CIT0097] Spaner et al explored the efficacy of the JAK1/2 inhibitor ruxolitinib plus ibrutinib in 12 patients with CLL who did not achieve remission after treatment with ibrutinib, including splenomegaly or persistent lymphadenopathy after 12 months or abnormally elevated serum β-2 microglobulin (β2-MG) levels following 6 months of ibrutinib therapy.[@CIT0075] Two of the patients achieved PR, and six had diminution of splenomegaly and residual lymphadenopathy; the level of β2-MG decreased during each treatment cycle but was recovered after 2 weeks of interruption of ruxolitinib therapy.[@CIT0075] This finding might be attributed to the addition of ruxolitinib to allow the flushing out of drug-resistant cells from their protective microenvironment for exposure to the cytotoxic effects of ibrutinib, thereby reversing the therapeutic effect.[@CIT0075]

Immunotherapy {#S0004-S2009}
-------------

Functional defects in healthy effector or effector memory T cells caused by direct contact with tumor cells are major factors in the pathogenesis of CLL.[@CIT0098] The gradually exhausted T cells overexpressing programmed cell death protein 1 (PD-1) induce defective actin polymerization and fail to form an immune synapse at the junction site with antigen-presenting cells. However, they bind to PD-L1 overexpressed on the surfaces of leukemia B cells to promote unlimited tumoral proliferation and escape from T-cell immune surveillance.[@CIT0099],[@CIT0100]

### CD19-Related Therapy {#S0004-S2009-S3001}

Ibrutinib not only repairs endogenous T-cell compartments but also decreases the number of immunosuppressive regulatory (Treg) T cells in CLL and increases antitumor T-cell immunity.[@CIT0101] Thus, ibrutinib can enhance adoptively transferred chimeric antigen receptor modified--T cell (CAR-T)-mediated antitumor immunity and improve its therapeutic efficacy in patients resistant to ibrutinib.[@CIT0099] Turtle et al observed that anti-CD19 CAR-T cell therapy was safe and feasible in 24 patients with CLL who experienced treatment failure with ibrutinib.[@CIT0102] After 4 weeks of CAR-T infusion, 17 patients achieved remission (CR/PR of 71%), and residual tumors in the bone marrow were not detected in approximately half of the patients evaluated by IGH sequencing. Out of the other six patients who had sustained or relapsed disease after an initial CAR-T cell infusion, two achieved CR after a second CAR-T cell infusion.[@CIT0102] Recently, the CD19/CD3 single-chain Fv-Fc bispecific antibody (bsAb) developed by Robinson et al was shown to efficiently recruit autologous T cells and rapidly kill CLL cells in vitro and in vivo. Encouragingly, this bsAb-mediated cytotoxicity was improved after treatment with ibrutinib, which had significant antitumor activity in several patients with IR having classical BTK and PLCG2 mutations.[@CIT0103] The results of this study indicated that bsAb could be used in combination with ibrutinib as effective immunotherapy and also overcame the resistance to ibrutinib to become a salvage therapy.

### PD-1/PD-L1 Inhibitors {#S0004-S2009-S3002}

The PD-1/PD-L1 pathway is the primary immune checkpoint of the immune regulatory system, and leukemia B cells evade T-cell immune surveillance through the expression of PD-L1.[@CIT0100] The co-culture of peripheral T cells from patients with CLL with PD-1 inhibitors can repair healthy immune synapses between leukemia B cells and T cells.[@CIT0104] In vivo experiments showed that the use of PD-L1 inhibitors for the treatment of the EμTCL1-CLL mouse model effectively corrected leukemia-induced immune function defects and eliminated the development of mouse CLL.[@CIT0099],[@CIT0105] Based on these preclinical data, Ding et al tested the efficacy and safety of pembrolizumab in 25 patients with CLL (16 with RR-CLL and 9 with developing RT, where 60% of patients previously received ibrutinib).[@CIT0106] An OR was observed in 44% of patients with RT, and confirmed clinical responses were also observed in 66% (four out of six patients) of patients who had previously received ibrutinib, while 0% of patients with RR-CLL had OR. After a MF of 11 months, the median OS in the RT group was 10.7 months, which was not achieved in patients developing RT after receiving previous ibrutinib treatment.[@CIT0106] The results of this study showed that blocking the expression of PD-1/PD-L1 in tumors and the TME showed selective efficacy in patients with CLL and RT progression.[@CIT0106] Thus, the treatment paradigm may be changed in the future for patients with RT.
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    **Abbreviations:** CR, complete response; ORR, overall response rate; PFS, progression-free survival; PR, partial response; pts, patients; I, ibrutinib; C, chlorambucil; IRX, ibrutinib+rituximab; BR, bendamustine+rituximab; FCR, fludarabine+cyclophosphamide+ rituximab; IO, ibrutinib+obinutuzumab; CO, chlorambucil+obinutuzumab; MR, maculopapular rash; AP, abdominal pain; PE, pleural effusion; URTI, upper respiratory tract infection; FN Febrile neutropenia; AF, atrial fibrillation.

[^3]: **Notes:** Relapsed or refractory (RR; following one or more previous lines of systemic therapy). CR includes those with incomplete haematopoietic recovery.

[^4]: **Abbreviations:** CR, complete response; ORR, overall response rate; PFS, progression-free survival; PR, partial response; pts, patients; I, ibrutinib; O, ofatumumab; IBR, ibrutinib+bendamustine+rituximab; PBR, placebo+bendamustine+rituximab; UTI, urinary tract infection; URTI, upper respiratory tract infection; FN, febrile neutropenia.
